Introduction
The use of encoded nanoparticles is becoming a powerful method to solve analytical problems in complex media such as biological uids, 1, 2 or to perform basic research in combinatorial chemistry 3 and drug discovery. 4 Such nanoparticles address some of the limitations posed by other conventional substrates. Thus, encoded nanoparticles are a very suited material for highthroughput screening and multiplexing, 5 as they present a large surface area for receptor conjugation or solid phase synthesis, better accessibility of the analytes to the entire sample volume for interaction with the bead-conjugated receptors and greater versatility in sample analysis and data acquisition.
Encoded particles can be achieved by using a myriad of strategies, ranging from the combinatorial tuning of the shape of the particle 6 to the addition of external labels such as dyes, photonic crystals, 7 semiconductor quantum dots 8 or molecules with large SERS cross-sections. 9 The use of the latter as encoding agents is gaining prominence as these SERS encoded particles (SEPs) provide materials with larger photostabilities and increased multiplexing and quantitative abilities. 10 In general, SEPs comprise a plasmonic core (mostly Au or Ag), a SERS encoding agent, a protective layer, and a surface recognition element, selective toward a given target analyte. The brightness of a given SEP depends on the molecular Raman encoder but primarily on the optical properties of the plasmonic core. Generally, single plasmonic particles are preferred over aggregates because of their relatively small size and consistent SERS signals. However, although SEPs composed of a single particle plasmonic nucleus may have an extraordinary application in static experiments such as bioimaging, 11 the fact that, usually, they cannot form electromagnetic hot spots 12, 13 hinders their applicability to other more demanding applications in which acquisition time or spatial resolution are of paramount importance. Thus, methodologies have been developed for the generation of plasmonic cores comprising several particles capable of generating hot spots to improve the overall SERS performance of the SEP. For example, one of the rst approaches consisted in the codication of randomly formed colloidal aggregates. 14 These SEPs remarkably increased the SERS signal, as compared with those comprising single particle cores, but at the cost of sacricing signal intensity constancy in between particles while substantially increasing the SEP size. Thus, to produce a complex plasmonic nucleus for SEPs, controlled in terms of size (suitable for bioapplications) and optical response (suitable for quantitative analysis), coresatellite structures (i.e. a large particle surrounded other smaller ones) are particularly appropriate as they concentrate a dense collection of symmetrically arranged hot-spots in a small volume. 15, 16 Core-satellite structures are typically produced via wet chemical methods where the nanoparticle assembly is chemically mediated by either (i) complementary ligands with selective recognition capabilities such as DNA, antibodies/antigens, etc., [17] [18] [19] [20] [21] [22] or (ii) molecular linkers that directly bridge the plasmonic units via covalent or electrostatic interactions of their functional groups (usually located at opposite ends of the molecular structure). [23] [24] [25] [26] [27] [28] However, the intrinsic DNA length required to ensure stable hybridization precludes the possibility of tuning the interparticle separation at short distances, which results in rather moderate enhancing capabilities. 29 Similar limitations are encountered with the use of other bulky macromolecules, such as proteins, 25 or branched polymers. 24 On the other hand, the simplest method for encoding the plasmonic nucleus of the SEP is the addition of the encoding agent to the pre-formed plasmonic superstructures. However, the efficient diffusion of the SERS label to the volume of maximum enhancements (the hot spots) can be severely hampered, especially when the metallic surfaces at the hot spots are passivated with covalently bonded linkers and, also, when the accessibility is limited by very narrow gap distances. Also, the addition of large amounts of SERS labels irreversibly perturbs the colloidal stability and integrity of the core-satellite assembly. Thus, the preferable choice is represented by the use of small SERS active bifunctional linkers which operate as subnanometric interparticle bridges and, therefore, automatically position themselves at the hot spots. 30 However, this approach raises some important practical issues. This class of aromatic linkers is structurally restricted to molecules with terminal mercapto or amino groups, which drastically diminishes the number of commercially available species. On the other hand, the chemical nature of these reporters normally decreases the colloidal stability to the point of exposing the plasmonic building blocks to uncontrolled agglomeration. These are likely the reasons why most of the examples reported in the literature repeatedly exploit 4-aminobenzenethiol (4-ABT) as the SERS active linker. [31] [32] [33] [34] [35] Thus, despite extensive efforts, current fabrication strategies are still far from meeting the necessary criteria for the efficient production of core-satellite SEPs. Herein, we present an alternative fabrication approach that produces core-satellite SEPs with minimal interparticle distances (<2-3 nm) and maximum satellite loading (i.e., maximum number of hot spots per assembly), while positioning the encoding agents at the gaps. Integration of plasmonic building blocks of different sizes, shapes, compositions and surface chemistries is achieved in a modular fashion with minimal modication of the synthetic protocol. Similar considerations apply to the choice of encoding agent which is not restricted to a small group of molecules. In addition to such versatility, the fabrication method is simple, cheap, scalable and robust, yielding stable plasmonic constructs in high yields.
2 Results and discussion Fig. 1 outlines the assembling strategy for the fabrication of silica-coated SERS-encoded core-satellites. In this scheme, citrate-stabilized spherical gold or silver nanoparticles were synthesized as the core unit (core@Cit). SERS codication is then performed following the MUA-mediated protocol as previously described. 36 Mercaptoundecanoic acid (MUA) is rstly added to the colloidal suspension at a basic pH as the stabilizing agent. MUA rmly binds the metallic surface via the thiol group while its long aliphatic chain and the terminal COOH moiety impart steric and electrostatic repulsions, respectively ( Fig. 1B ). SERS codes (SCs) can then diffuse within the aliphatic pockets and attach to the metallic surface without perturbing the colloidal stability, regardless of the chemical nature of the molecular reporter (core@MUA/SC). Importantly, the MUA concentration is optimized to safely guarantee the colloidal stability at minimal surface coverages (i.e., submonolayer regime) to maximize the nal number of SCs per particle. Specically, the ratio between the number of MUA molecules and the available metallic surface was xed at 1.25 molecules per nm 2 range, which approximately corresponds to ca. 30% of a full monolayer of MUA. 37 Negatively charged encoded particles were then wrapped with a single layer of positively charged branched polyethylenimine (PEI) to yield the corresponding positively charged core@MUA/SC@PEI nanoparticles. TEM images reveal a thin layer of approximately 1.5-2 nm thickness on top of these particles ( Fig. 1C and S1 †). It is worth noting that removal of unbound or loosely bound PEI is critical for preventing the formation of chain-like structures protruding from the core particles ( Fig. S2 †) . These core units are subsequently exposed to a large excess of negatively charged satellites (satellites : core $ 400 : 1), which, via electrostatic interactions, saturates the core particles yielding the plasmonic assemblies. Finally, silica encapsulation is performed using a modication of the Stöber method directly on the mixture containing the core-satellite assemblies ( Fig. 1E ) and the residual unbound satellites. The silica shell protects both plasmonic particles and SCs from the environment, while providing high colloidal stability and an external surface which can be easily functionalized based on the well-known silica surface chemistry. Additionally, in this specic synthetic approach, the silica coating allows efficient separation of the light satellites from the clustered particles via post-centrifugation cycling with no risks of perturbing the aggregation state of the assemblies (Fig. S3 †) .
Obviously, the sizes of the core and satellite building blocks play a central role in determining the nal features of the nanoassemblies. In this regard, the fabrication of homogenous and ultrabright SERS clusters in the #100-150 nm range remains a major synthetic challenge. On the other hand, this also severely impacts the exploitation of such structures in, most notably, biological applications. For instance, it has been shown that the circulation and extravasation of particles from the bloodstream into cancer tissues efficiently occurs for nanomaterials in the 100 nm size range and below. 38, 39 Thus, we initially targeted the fabrication of core-satellite clusters in the ca. 100 nm size range, using spherical Au or Ag nanoparticle cores of ca. 60-65 nm diameter and small Au satellites of ca. 12 nm ( Fig. S4 †) . In particular, it has been shown that satellites in that size range offer a good compromise between their SERS enhancing capabilities, which increase with the particle size up to ca. 100 nm diameter, 36, 40 and number of satellites that can accumulate at the core surfaces (i.e., the number of interparticle gaps is larger for smaller satellites for a given core particle). 32 On the other hand, theoretical studies indicated that a minimum core diameter of ca. 50 nm is preferable to avoid an excessive reduction of the surface area that would signicantly lower the satellite coverage. 41 Small gold satellites were used as such, with citrate-capping ligands as stabilizers, or aer surface modication with either a full monolayer of MUA or a mixed bilayer of MUA and SC ( Fig. 1D) , as similarly performed for larger core particles. This allows us to gain a better insight into the impact of the MUA coating on the extent of satellite accumulation at the core particle as well as the relative contribution of core-satellite vs. satellite-satellite plasmonic coupling to the nal SERS signal. In this regard, 4-mercaptobenzoic acid (MBA) was selected as the SERS code in this foundational comparative study. Functionalization of plasmonic particles with MUA and MBA leads to a slight red-shi of the LSPRs due to an increase in the refractive index of the medium surrounding the nanoparticles, with negligible perturbation of the colloidal stability. 36 In contrast, a drastic reshaping of the extinction prole is observed upon agglomeration of satellites at single particle cores ( Fig. 2A  and B ) promoted by the plasmon coupling of the closely spaced nanoparticles. Oxidative dissolution of silver nanoparticles (e.g., via ammonia addition) enables the selective removal of the Ag-core from the core-satellite nanoassemblies. As a result, hollow structures comprising a shell of satellites enclosed in the silica matrix are generated, exposing the red-shied resonances of gold satellites ascribed to the satellite-satellite plasmon coupling (Fig. 2C ). The remarkable red-shi observed in the extinction prole of the satellite-corona compared to the isolated particles is proof of the closely spaced organization of Au satellites. For instance, Ross et al. 41 have shown that, for a similar nanoassembly conguration, a dense shell of 2 nmspaced gold satellites only results in a modest red-shi of the LSPRs up to ca. 550 nm, far smaller than the one displayed by our satellite-corona.
Random packing of closely spaced satellites cannot exceed a density limit of 63.4% of the available core particle surface area, 42 which, for a 63 nm Au-core and 12 nm Au-satellites, corresponds approximately to 70 satellites per particle. Remarkably, the average number of satellites per cluster estimated from TEM images falls in the same range (ca. 66 AE 10 satellites per particle, N ¼ 30, see Fig. S5 and S6 † for details about satellite counting), demonstrating the extremely efficient packing of the small gold nanoparticles at the central core. This result far exceeds those previously reported in the literature, which typically display satellite coverage in the 20-35% range of maximum random packing. 24, 25, 32, 35, [43] [44] [45] This outstanding result can be interpreted as follows. When branched PEI is replaced by poly-allylamine hydrochloride (PAH), a linear positively charged polymer, a drastic reduction of the satellite surface coverage is noted (Fig. 3A ). This piece of evidence suggests that, for a PAH coating, a thin shell of positive charges is deposited over the particle core, therefore promoting the satellite adhesion via a relatively small area of anchoring points. Thus, lateral electrostatic repulsions between negatively charged ligands on satellites hamper an efficient packing on the core surface ( Fig. 3A) . In contrast, the branched PEI coating generates a dense cloud of positive amino groups which increases the extent of binding points with the small gold nanoparticles, in turn, reducing the satellite-to-satellite repulsions on the outer shell ( Fig. 3B) .
Overall, the extinction spectra and TEM images ( Fig. 2D and E and S7 †) show that neither the composition of the metal core (Au vs. Ag), nor the diverse surface chemistries of the Au satellites, nor the encoding agent has any apparent repercussion on the nal structural features of the assemblies. These pieces of evidence demonstrate that the assembling process is solely driven by the electrostatic interactions between the molecular linkers (MUA and PEI), while the composition of the spherical core particle (for a given size) and the chemical nature of the SCs do not play any appreciable role.
The exceptional universality of the MUA/PEI assembling approach is further validated by the straightforward fabrication of MBA encoded core-assemblies using core particles with diverse sizes (Fig. S8 †) , shapes and surface chemistries, such as PVP-stabilized gold nanostars and CTAB-stabilized gold nanorods ( Fig. 4A-D) . Analogously, the codication with other SERS active molecules (Fig. 4E) can be achieved by simply replacing MBA with other reporters, without altering the experimental protocol (Fig. 4E) .
To test the optical enhancing properties of the materials produced and the possibility of single particle detection, diluted solutions of the colloidal preparations (all encoded with MBA, Fig. 5A , and coated with silica) were spin-coated on silicon slides to reach concentrations below one particle per mm 2 (Fig. 5B) , the spatial resolution of a laser focused through a 50Â objective. Then, the samples were imaged on a Raman microscope with 633 and 785 nm laser lines (Fig. 5C ), in the case of gold and gold-gold composites and also a 532 nm laser line for silver and silver-gold composites. It is important to note that although all the composite materials yielded strong SERS signals for all lasers in the single particle regime (particle density below 0.2 particles per mm 2 ), in the case of the silica isolated single silver and gold nanoparticles, more concentrated lms were required to provide a measurable signal, specically, 18 and 5 particles per mm 2 for gold and silver cores, respectively, and 45 particles per mm 2 for gold satellites. Fig. 5D shows the normalized SERS intensity of the ring breathing vibrational mode of MBA, normalized for time and power at the sample and particle for the three laser lines. Experiments with the 785 nm laser show extremely high intensities for both core-shell materials. In fact, the enhancement factors for these composites as compared with those of the constituent gold or silver cores surpass 4 orders of magnitude, in full agreement with the theoretical calculations shown in the same graph. This fact can be explained by the generation of multiple hot spots 46 formed between the satellite particles and between these satellites and the core. Notably, the abrupt decrease in SERS intensity for the satellite shells, upon removal of the cores, indicates that the larger electromagnetic contribution is due to the core. Thus, although satellite shells can provide SERS signals in the single nanoparticle regime, the contribution of a core increases that signal dramatically over 20-fold. Another interesting detail lies in the fact that standard deviations for all composite materials are always below 10% of the average intensity. This indicates a good homogeneous SERS response between particles, subsequently allowing their use for quantitative ultrasensitive determinations.
In the case of the red line, the same trends are demonstrated. However, in contrast to the NIR laser, silver-gold composites offer a slightly larger signal than gold due to a better electromagnetic coupling between the laser and LSPR. 47 Notably, for the green laser, only silver containing materials yielded SERS due to the presence of strongly damped plasmons in gold when excited with green or more energetic lasers because of coupling to interband transitions. 48 Yet, even at this energetic excitation, silver-gold composites are able to provided single particle SERS albeit at a more modest level than with less energetic lines. poly-allylamine hydrochloride (average MW ¼ 17 500, PAH), and magnesium sulfate ($98%, MgSO 4 ) were purchased from Sigma-Aldrich Gmbh (Munich, Germany). All reactants were used without further purication. Milli-Q water (18 MU cm À1 ) was used in all aqueous solutions, and all glassware was cleaned with aqua regia before the experiments.
Synthesis of citrate-stabilized spherical gold nanoparticles (ca. 63 nm diameter)
Spherical gold nanoparticles of approximately 63 nm diameter were produced by a modication of the kinetically controlled seeded growth method. 49 This process (sequential addition of C 6 H 5 Na 3 O 7 $2H 2 O and HAuCl 4 ) was repeated 3 times to nally obtain Au NPs of the desired diameter (in each step, gold particles were progressively grown to larger sizes). Aer 30 min of the third addition, one aliquot of 2 mL was extracted for further characterization by transmission electron microscopy (TEM) and UV-vis spectroscopy. The concentration of NPs was approximately the same as that of the original seed particles (5.7 Â 10 10 NPs mL À1 , [Au] ¼ 7.28 Â 10 À4 M). Finally, the NPs were cleaned by centrifugation at 3000 rpm for 8 minutes to eliminate the excess of citrate. The nanoparticle size was estimated to be 62.9 AE 4.7 nm (Fig. S4 †) .
Spherical gold nanoparticle (ca. 63 nm) codication and PEI wrapping
To provide colloidal stability to the Au nanoparticles during the encoding process, 30 mL of the as-produced Au NPs were functionalized with a small amount of MUA (1.25 molecules per nm 2 ). To this end, a solution containing NH 4 OH (120 mL, 2.9% aqueous solution) and MUA (440.8 mL, 10 À4 M in EtOH) was prepared. This solution was then rapidly added under vigorous stirring to the gold nanoparticle solution. Agitation was continued for 30 min to ensure MUA functionalization of the Au surface. Then, a solution containing 3.0 MBA molecules per nm 2 (1058.0 mL, 10 À4 M in EtOH) was also rapidly added under vigorous stirring to the MUAstabilized gold nanoparticles. 1 hour later, the NPs were cleaned by centrifugation at 2800 rpm for 8 minutes to remove carefully the C 6 H 5 Na 3 O 7 $2H 2 O and redispersed in 43.7 mL of Milli-Q water to achieve [Au] $ 5 Â 10 À4 M. Finally, the Au NPs were wrapped with a polyelectrolyte monolayer. To this end, a solution of MBA encoded Au NPs (43.7 mL, [Au] $ 5 Â 10 À4 M) was added drop by drop to a solution of PEI (43.7 mL, 2 g L À1 , previously sonicated for 30 min) under vigorous stirring. Stirring was continued for 3 hours and then the particles were washed twice with 43.7 mL of Milli-Q water (3800 rpm, 8 min). No sonication was performed in any of the cleaning steps to avoid any detachment of the polyelectrolyte layer.
Synthesis of citrate-stabilized spherical silver nanoparticles (ca. 65 nm diameter)
Spherical silver nanoparticles of approximately 65 nm diameter were produced by heating 500 mL of H 2 O until boiling under strong magnetic stirring. When it boils energetically, a mixture containing AA (500 mL, 0.1 M) and C 6 H 5 Na 3 O 7 $2H 2 O (6.818 mL, 0.1 M) is added. 1 minute aer the addition, a solution previously incubated for 5 min containing AgNO 3 (1488 mL, 0.1 M) and MgSO 4 (1.118 mL, 0.1 M) is also added. Boiling and stirring were continued for 1 h. Finally, the NPs were cleaned by centrifugation (5400 rpm, 20 min) and redispersed in Milli-Q water. The nanoparticle size was estimated to be 64.6 AE 5.7 nm (Fig. S4 †) .
Spherical silver nanoparticle codication and PEI wrapping
A solution containing MUA (189 mL, 1.0 Â 10 À4 M in EtOH) and MBA (189 mL, 1.0 Â 10 À4 M in EtOH) was prepared. This solution was then rapidly added to 30 mL of silver nanospheres (Ø $ 65 nm, [Ag] ¼ 2.5 Â 10 À4 M, in Milli-Q water) and sonicated for 30 seconds (the number of molecules per nm 2 was 1.25 for MUA and 3.0 for the SERS code). Consequently, 150.0 mL of a NaOH solution (0.23 M, in Milli-Q water) was added to the mixture under vigorous stirring and sonicated again for 30 seconds. 1 hour later, the NPs were cleaned by centrifugation (4200 rpm, 12 min) and redispersed in 15 mL of Milli-Q water to achieve [Ag] $ 5 Â 10 À4 M. Finally, the Ag NPs were wrapped with a polyelectrolyte monolayer. To this end, a solution of MBA encoded Ag NPs (15 mL, [Ag] $ 5 Â 10 À4 M) was added drop by drop to a solution of PEI (15 mL, 2 g L À1 , previously sonicated for 30 min) under vigorous stirring. Stirring was continued for 1.5 hours and then the particles were washed twice with 10 mL Milli-Q water (4200 rpm, 12 min). No sonication was performed in any of the cleaning steps to avoid any detachment of the polyelectrolyte layer.
Synthesis of citrate-stabilized spherical gold nanoparticles (ca. 12 nm diameter)
Spherical gold nanoparticles of approximately 12 nm diameter were produced by a modication of the well-known Turkevich method. 50 Briey, 833.0 mL of an aqueous solution of HAuCl 4 (0.1 M) was added to a boiling aqueous solution of sodium citrate (500 mL, 2.2 mM) under vigorous stirring. A condenser was utilized to prevent the evaporation of the solvent. During this time, the color of the solution gradually changed from colorless to purple to nally become deep red. Finally, the NPs were cleaned by centrifugation at 9000 rpm for 28 minutes to eliminate the excess of citrate. The nanoparticle size was estimated to be 11.5 AE 0.8 nm (Fig. S4 †) .
Spherical gold nanoparticle (ca. 12 nm diameter) codication
To provide colloidal stability to the Au nanoparticles during the encoding process, 60 mL of the as-produced satellite gold nanoparticles were functionalized with a small amount of MUA (1.25 molecules per nm 2 ). To this end, a solution containing MUA (106 mL, 10 À3 M in EtOH) was prepared. This solution was then rapidly added under vigorous stirring to the gold nanoparticle solution. Agitation was continued for 2 hours to ensure MUA functionalization of the Au surface. Then, a solution containing 3.0 MBA molecules per nm 2 (254.4 mL, 10 À3 M in EtOH) was also rapidly added under vigorous stirring to the MUA-stabilized gold nanoparticles. 1 hour later, a solution of NH 4 OH (120 mL, 2.9% aqueous solution) was added and the stirring was continued for 2 hours. Finally, the NPs were cleaned by centrifugation at 9000 rpm for 28 minutes to remove carefully the unreacted chemicals and redispersed in 20 mL of Milli-Q water to achieve [Au] $ 5 Â 10 À4 M.
MUA-stabilized spherical gold nanoparticles (ca. 12 nm diameter) 60 mL of the as-produced satellite gold nanoparticles were functionalized with full surface coverage of MUA (5.0 molecules per nm 2 ). To this end, a solution containing MUA (424.0 mL, 10 À3 M in EtOH) was prepared. This solution was then rapidly added under vigorous stirring to the gold nanoparticle solution. Agitation was continued for 2 hours to ensure MUA functionalization of the Au surface. 3 hours later, a solution of NH 4 OH (120 mL, 2.9% aqueous solution) was added and the stirring was continued for 2 hours. Finally, the NPs were cleaned by centrifugation at 9000 rpm for 28 minutes to remove carefully the unreacted chemicals and redispersed in 20 mL of Milli-Q water to achieve [Au] $ 5 Â 10 À4 M.
Synthesis of PVP-stabilized gold nanostars
The synthesis of gold nanostars (GNSs) was performed using a modied PVP-based method. In the rst step, spherical gold seeds of approximately 10 nm diameter were produced by a modication of the well-known Turkevich method. Briey, a solution of sodium citrate in Milli-Q water (150 mL, 1.93 mM) was heated with a heating mantle in a 250 mL three-necked round-bottom ask for 15 min under vigorous stirring. A condenser was utilized to prevent the evaporation of the solvent. Aer boiling had commenced, 308 mL of HAuCl 4 (0.081 M) was injected. The color of the solution changed from yellow to bluish gray and then to so pink in 10 min and to wine red aer 30 min. The resulting particles were coated with negatively charged citrate ions and, hence, were well suspended in H 2 O. Then, the seeds were concentrated in a 250 mL beaker to a Au concentration of 9.45 Â 10 À4 M with a constant ow of N 2 for 120 min. In the second step, a solution of PVPk8 (15 mM) in dimethylformamide (35 mL) was sonicated for 15 min. Then, 216 mL of HAuCl 4 (0.081 M) was added to the mixture under rapid stirring at room temperature, followed by the concentrated seeds (1.108 mL, [Au] ¼ 9.45 Â 10 À4 M). Within 5 min, the color of the solution changed from pink to blue, indicating the formation of gold nanostars. The solution was le stirring overnight. Then, the excess PVPk8 was removed by a 6-fold centrifugation (7000 rpm, 15 min) and redispersed in ethanol (the particle solution was adjusted to yield a nal concentration of [Au] $ 4.5 Â 10 À4 M).
Gold nanostar codication and PEI wrapping
First of all, 10 mL of the as-produced GNSs was functionalized with a small amount of MBA (0.5 molecules per nm 2 ). To this end, a solution containing NH 4 OH (40 mL, 2.9% aqueous solution) and MBA (38.2 mL, 10 À4 M in EtOH) was prepared. This solution was then rapidly added under vigorous stirring to the gold nanoparticle solution. Agitation was continued for 4 hours to ensure MBA adsorption on the GNS tips. Then, a solution containing 1.25 MUA molecules per nm 2 (95.4 mL, 10 À4 M in EtOH) was also rapidly added under vigorous stirring. Agitation was continued for 12 hours to guarantee MUA adsorption on the metallic surface. Again, and to further ensure the presence of the MBA molecules on the metallic surface, a solution containing 2.5 MBA molecules per nm 2 (57.3 mL, 10 À4 M in EtOH) was added under vigorous stirring. 24 hours later, the NPs were cleaned by centrifugation at 4500 rpm for 15 minutes to remove carefully the excess of reactants and redispersed in 10 mL of Milli-Q water to achieve [Au] $ 4.5 Â 10 À4 M. Finally, GNSs were wrapped with a polyelectrolyte monolayer. To this end, a solution of MBA-encoded GNSs (10 mL) was added drop by drop to a solution of PEI (10 mL, 2 g L À1 , previously sonicated for 30 min) under vigorous stirring. Stirring was continued for 3.0 hours and then the particles were washed twice with 10 mL Milli-Q water (4200 rpm, 12 min). No sonication was performed in any of the cleaning steps to avoid any detachment of the polyelectrolyte layer.
Synthesis of high aspect ratio CTAB-stabilized gold nanorods
Gold nanorods were produced by changing the seed crystallography of a previously reported seed-mediated procedure. 51 Briey, seed particles were prepared by dissolving 0.0015 g of sodium citrate in 20 mL of Milli-Q water. An aliquot of HAuCl 4 solution (46.28 mL, 0.108 M) was added to yield a nal HAuCl 4 concentration of 2.5 Â 10 À4 M. Next, a freshly prepared NaBH 4 solution (600 mL, 0.1 M) was quickly injected; meanwhile, the solution was energetically stirred (1200 rpm). Aer addition, the color immediately changed from light yellow to red. Stirring was continued for 1 h in an open atmosphere to allow the NaBH 4 to decompose, avoiding overpressure. The growth solution was prepared by mixing a CTAB solution (0.1 M, 250 mL, thermostated at 32 C) with an aqueous HAuCl 4 solution (1213 mL, 1.08 M) to give a nal concentration of 2.5 Â 10 À4 M. Aer that, ascorbic acid (1837 mL, 0.1 M) was added, followed by the careful addition of 500 mL seeds to the growth solution foam. Aer the addition, the mixture was energetically shaken and le undisturbed at 32 C for 48 h to allow the high aspect ratio rods to sediment. Finally, the supernatant containing spheres was removed and the sediment containing the rods was redispersed in 40 mL H 2 O. This solution was again allowed to sediment for 2 days and the supernatant still containing spheres was removed. The collected Au rods were dispersed in CTAB (30 mL, 1 mM). This process was repeated until the supernatant did not contain any spheres.
Gold nanorod codication and PEI wrapping
To provide colloidal stability to the Au rods during the encoding process, the produced rods were rst functionalized with a small amount of MUA (1.25 molecules per nm 2 ). To do this, 20 mL of the as-synthesized Au rods ([Au] ¼ 0.5 mM, [CTAB] ¼ 1 mM) were diluted with H 2 O to achieve 0.5 mM CTAB and 0.25 mM Au. Next, a solution containing NH 4 OH (120 mL, 2.9% aqueous solution) and MUA (898 mL, 10 À4 M in EtOH) was rapidly added under vigorous stirring to the CTAB stabilized nanoparticle solution (40 mL). Agitation was continued for 30 min to ensure MUA functionalization of the Au surface. The MUA modied particles were centrifuged twice to remove the remaining CTAB and redispersed in ethanol (40 mL) . For the encoding of the Au nanoparticles, a solution containing 3.0 MBA molecules per nm 2 (2155 mL, 10 À4 M in EtOH) was also rapidly added under vigorous stirring to the MUA-stabilized gold nanoparticles and le under magnetic stirring for 2 h. The NPs were cleaned by centrifugation at 2500 rpm for 5 minutes and redispersed in 40 mL of Milli-Q water to achieve a Au concentration of 2.5 Â 10 À4 M. Finally, the Au rods were wrapped with PEI. To this end, the solution of MBA encoded rods was added drop by drop to 40 mL of a PEI solution (2 g L À1 , previously sonicated for 30 min) under vigorous stirring. Aer 3 hours, the particles were washed twice (2500 rpm, 5 min) to nally redisperse them in 40 mL Milli-Q water.
Formation of core-satellite assemblies 2 mL of the PEI wrapped Au encoded NPs ([Au] ¼ 5 Â 10 À4 M) or Ag encoded NPs ([Ag] ¼ 5 Â 10 À4 M) were added respectively, drop by drop, to three different solutions: MUA/MBA encoded Au satellites (5.52 mL, $[Au] ¼ 5 Â 10 À4 M), MUA stabilized Au satellites (5.52 mL, [Au] ¼ 5 Â 10 À4 M) and citrate capped Au satellites (5.52 mL, [Au] ¼ 5 Â 10 À4 M) under vigorous stirring. The stoichiometric ratio of Au cores : Au satellites was 1 : 400. To ensure an isotropic 3D coverage of the core NPs, the solutions were stirred for 12 hours. Finally, each of the assembled nanostructure solutions was added respectively to a solution containing 48.8 mL of EtOH and 995.2 mL of NH 4 OH (29%, aqueous solution).
Silica encapsulation and purication
The silica encapsulation of the assembled nanostructures was achieved through a modied Stöber method. The appropriate concentrations of H 2 O, NH 4 OH and EtOH for silica growth on the SERS-encoded planet-satellite nanostructures were previously adjusted, during the assembly step, to yield nal concentrations of 7.94, 0.128 and 14.60 M, respectively (EtOH/ H 2 O molar ratio of 1.84). Next TEOS (72 mL, 10% v/v in EtOH) was added, and the solution was energetically shaken and le undisturbed at room temperature for 14 hours, and then it was le undisturbed at 60 C for 12 hours for the silica hardening. Finally, the resulting nanostructures were cleaned by centrifugation (5 Â 3000 rpm, 6 min) to remove excess reactants and redispersed in 1 mL of Milli-Q water. Finally, the few nonassembled Au satellites that remained in solution were cleaned by precipitation (leaving the solution undisturbed for 96 hours in a 15 mL conical centrifuge tube and then removing the supernatant).
Dissolution of Ag cores in core-satellite assemblies
Aer the formation and encapsulation of the core-satellite assemblies, the Ag cores were dissolved inducing the formation of the diamine-silver(I) complex [Ag(NH 3 ) 2 ] + using NH 4 OH. To this end, 0.4 mL of the silica encapsulated Ag-Au core-satellite assemblies (59.3 pM, in Milli-Q water) was added to a solution containing 0.6 mL of EtOH and 33.0 mL of NH 4 OH (29%, aqueous solution). The solution was energetically shaken and le undisturbed at room temperature for 12 hours. Then, the resulting nanostructures were cleaned by centrifugation (4000 rpm, 10 min) to remove excess reactants and redispersed in 0.4 mL of Milli-Q water. This procedure was repeated 3 times to ensure that Ag cores were completely dissolved by formation of [Ag(NH 3 ) 2 ] + . Finally, the resulting nanostructures were cleaned by centrifugation (5000 rpm, 10 min) and redispersed in 0.4 mL of EtOH to achieve a nal concentration of 59.3 pM.
